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ABSTRACT
We present polarimetric observations of four Class II protoplanetary disks (DG Tau, Haro 6-13, RY
Tau, and MWC 480) taken with the Atacama Large Millimeter/submillimeter Array (ALMA) at 3
mm. The polarization morphologies observed fall into two distinct categories: azimuthal polarization
(DG Tau and Haro 6-13) and polarization parallel to the disk minor axis (RY Tau and MWC 480). The
mechanisms responsible for disk polarization at millimeter and submillimeter wavelengths are currently
under debate. In this Letter, we investigate two mechanisms capable of producing polarized dust
emission in disks: self-scattering and grain alignment to the radiation anisotropy. The polarization
morphologies of DG Tau and Haro 6-13 are broadly consistent with that expected from radiation
alignment (though radiative alignment still does not account for all of the features seen in these disks),
while RY Tau and MWC 480 are more consistent with self-scattering. Such a variation in the polarized
morphology may provide evidence of dust grain size differences between the sources.
Keywords: protoplanetary disks — polarization — scattering — stars: protostars
1. INTRODUCTION
One of the initial motivations for making resolved po-
larimetric observations of thermal emission from dust
grains in circumstellar disks (e.g., Stephens et al. 2014;
Rao et al. 2014; Segura-Cox et al. 2015) was to use mag-
netically aligned dust grains to infer field morphology
and strength. Magnetic fields are thought to play a cru-
cial role in the accretion process in protostellar disks
through magnetorotational instability (Balbus & Haw-
ley 1998) or magnetic disk winds (Blandford & Payne
1982). Spinning dust grains in a magnetic field will align
with their short axes parallel to the magnetic field due to
radiative torques, producing polarization perpendicular
to the magnetic field lines (e.g., Lazarian 2007). Pos-
sible evidence of grain alignment to the disk magnetic
field has been found in the circumbinary disks BHB07-11
(Alves et al. 2018) and VLA 1623 (Sadavoy et al. 2018;
Harris et al. 2018), and the disk of HD 142527 (Ohashi
et al. 2018). However, in the past few years, two other
mechanisms for producing dust continuum polarization
have been discussed as more consistent with the obser-
vations: Rayleigh scattering (e.g., Kataoka et al. 2015;
Yang et al. 2016, 2017) and grain alignment to the ra-
diation anisotropy (e.g., Kataoka et al. 2017; Tazaki et
al. 2017).
Scattering is most efficient for grains about ∼ λ/2pi
in radius, where λ is the observing wavelength (e.g.,
Kataoka et al. 2015). The polarization fraction pro-
duced by scattering is highly dependent on the observing
wavelength for a given dust grain population. There-
fore, determining the wavelength at which the scatter-
ing polarization peaks can provide a constraint on the
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2dust grain size independent of the dust opacity index
β (Kataoka et al. 2015, 2017). This independent esti-
mate is useful because β values can be affected by dust
grain porosity (Kataoka et al. 2014), and because the
derived value of beta (as inferred from an optically thin
model) can be reduced by optically thick rings (Ricci
et al. 2012). Disk geometry affects the orientation and
degree of polarization from scattering. In an optically
thin disk, a higher inclination angle can induce a higher
polarization fraction, and the polarization vectors will
be more aligned with the minor axis of the disk (Yang
et al. 2016). Polarized emission can also be produced
when elongated dust grains align with their short axes
along the direction of radiation anisotropy of the disk
(generally outward). Larger grains (> mm-sized) are
not expected to align with the disk magnetic field, but
are expected to be aligned by radiative torques perpen-
dicular to the radiation anisotropy (Tazaki et al. 2017).
Polarization from radiatively aligned grains has a weaker
wavelength dependence than that from self-scattering.
Because the degree of polarization from radiative align-
ment depends on the projected shape of the grain, the
observed polarization depends on the disk inclination
and varies azimuthally (Yang et al. 2019). Overall,
multi-wavelength polarimetric observations of circum-
stellar disks provide a unique tool to probe dust and
disk properties, including grain size and their distribu-
tion, in the disk.
HL Tau is the prototypical source for investigating
how disk polarization changes with observing wave-
length. Observations of HL Tau with the Atacama Large
Millimeter/submillimeter Array (ALMA) at 870 µm, 1.3
mm, and 3.1 mm revealed that the disk’s polarization
morphology changes rapidly with wavelength (Stephens
et al. 2017). At 870 µm, the polarization vectors were
aligned parallel to the disk’s minor axis. This is consis-
tent with the pattern expected from Rayleigh scatter-
ing. The polarization vectors are azimuthally oriented
at 3.1 mm. The azimuthally oriented polarization was
initially thought to be evidence of radiative grain align-
ment, but as we will discuss, there are significant dis-
crepancies between the polarization predicted by mod-
els and that observed at 3.1 mm (see also Yang et al.
2019). Observations at 1.3 mm show a mix of the two
morphologies. The dependence of polarization morphol-
ogy on wavelength in HL Tau motivated the need for po-
larimetric observations of other circumstellar disks. Our
study maps the polarization of four Class II disks at 3
mm: DG Tau, Haro 6-13, RY Tau, and MWC 480.
These sources are located in the Taurus Molecular
Cloud; we have assumed a distance of 140 pc for all
sources (e.g., Bacciotti et al. 2018). DG Tau has a pro-
tostar mass of 0.7 M and an inclination angle of 32◦
(Guilloteau et al. 2011). A recent paper by Bacciotti
et al. (2018) presented ALMA polarization observations
of DG Tau at 870 µm. These observations showed an
asymmetry in the polarized intensity along the disk mi-
nor axis. The polarization angles were oriented parallel
to the minor axis near the disk center, but showed a
more azimuthal orientation near the disk’s edge. The
asymmetry seen in polarized intensity along the minor
axis of the disk may indicate that the grains responsible
for scattering at 870 µm have not settled to the disk
midplane. Haro 6-13 has a protostar mass of 0.55 M
(Guilloteau et al. 2011; Kwon et al. 2015) and an in-
clination angle of 40◦ (Schaefer et al. 2009). MWC 480
has a protostar mass of 1.91 - 2.2 M and an inclination
angle of 36◦ (Long et al. 2018); the disk has a gap with
a ring at a radius of 97.58 ± 0.08 au (Long et al. 2018;
Hamidouche et al. 2006). RY Tau has a protostar mass
of 2.04 M and an inclination angle of 65◦, with a ring
at 18.19 ± 0.00 au (Long et al. 2018). The estimated β
values for these disks are 0.57 for DG Tau (Guilloteau et
al. 2011), consistent with zero or a small positive value
for Haro 6-13 (Kwon et al. 2015), 0.86 for MWC 480
(Guilloteau et al. 2011), and 0.3 for RY Tau (Ricci et
al. 2012).
2. OBSERVATIONS
The observations were taken with ALMA between
2017 November 29 and 2017 December 3, in ALMA
configuration C43-7. The target sources were DL Tau,
Haro 6-13, MWC 480, DG Tau, V982 Tau, and RY Tau.
The observations were taken at a frequency range of
91.48103.54 GHz (ALMA Band 3). J0522–3627 was the
polarization calibrator, and J0510+1800 was the band-
pass calibrator and flux calibrator. J0426+2327 was
the phase calibrator for DL Tau, Haro 6-13, and DG
Tau. J0512+2927 was the phase calibrator for MWC
480, J0403+2600 was the phase calibrator for V892 Tau,
and J0438+3004 was the phase calibrator for RY Tau.
Polarization was detected at or above the 3σ level in
DG Tau, Haro 6-13, MWC 480, and RY Tau, but not
in DL Tau or V892 Tau. The 3-σ upper limits on the
polarization fraction in DL Tau and V892 Tau are 0.8%
and 0.4%, respectively. DL Tau and V892 are not out-
liers from the other disks in terms of inclination angle or
total intensity (see Table 1). The lack of polarized emis-
sion may have to do with the dust properties of these
disks; e.g., they may not contain enough dust grains of
the size necessary for the observed scattering at 3 mm.
Multi-wavelength observations will be needed to deter-
mine why these sources lack polarized emission at 3 mm.
3The dataset was calibrated by data analysts at the
North American ALMA Science Center. After this ini-
tial calibration, we performed three rounds of phase-only
self-calibration on all Stokes parameters (I, Q, U , and
V ). We used the CASA task tclean with Briggs weight-
ing and a robust parameter of 0.5. Cleaning thresholds
were set based on the Stokes I rms in non-self-calibrated
images. The threshold for the first three iterations of
tclean was set to 10 times the I rms, and the thresh-
old for the fourth iteration was set to three times the I
rms. The first iteration of gaincal used a solution inter-
val equal to the scan length, the second iteration used a
solution interval of 30.25 s, and the third iteration used
a solution interval of 15 s. Polarization angle and in-
tensity maps were produced from the Stokes Q and U
data. The polarized intensity maps were debiased using
the average noise value determined from the Q and U
maps, an estimator used by e.g. Wardle & Kronberg
(1974) and Vidal et al. (2016):
P =

√
Q2 + U2 − σ2 if
√
Q2 + U2 ≥ σ
0 otherwise
(1)
All images had an angular resolution between 0.2 and
0.3 arcsec. The uncertainty on absolute flux calibrations
with ALMA is estimated at ∼10%. ALMA’s instrumen-
tal limit for a 3σ detection of polarized emission is 0.1%
polarization for compact sources within one-third of the
primary beam. The typical sensitivities of the Stokes Q
and U images are 20-40 µJy/beam. For the rest of this
Letter only statistical uncertainties are considered.
3. RESULTS
Figure 1 shows the Stokes I dust emission at 3 mm
from our observations. The dust emission morphology
is consistent with previous observations. The red line
segments are the observed polarization direction, which
we will refer to as polarization angle “vectors”, although
they are not true vectors as they have no unique direc-
tion. Table 1 lists the measured values for total intensity
and polarized intensity, as well as the beam size. We
also list the 3σ upper limit for the two polarization non-
detections. The integrated Stokes I fluxes of DG Tau,
Haro 6-13, and MWC 480 are ∼30% lower than those
reported by Guilloteau et al. (2011) at 2.7 mm using the
Plateau de Bure interferometer. The Haro 6-13 flux at
3 mm is consistent with Kwon et al. (2015) at a level
of 10%. The integrated Stokes I flux of DL Tau is 20%
higher than that reported in Guilloteau et al. (2011),
but it is within 5% of the 2.7 mm flux reported in Kwon
et al. (2015). V892 Tau’s Stokes I flux is 20% lower
than that reported in Ricci et al. (2012) at 2.9 mm. We
attribute this variance as likely due to typical absolute
amplitude calibration uncertainties with incomplete u,v
coverage in the previous observations.
The polarization emission morphology from the four
disks in Figure 1 can be qualitatively grouped into two
categories: those with azimuthal polarization vectors
and two non-polarized “holes” near the center of the
disk (DG Tau and Haro 6-13), and those with polariza-
tion vectors parallel to the disk minor axis and polarized
emission only near the center of the disk (RY Tau and
MWC 480).
The two types of polarization morphologies can also
be seen by plotting the polarized intensity with distance
from the Stokes I peak along the major and minor axes
of the disks (Figures 2 and 3). DG Tau and Haro 6-
13 in Figure 3 both have two low-polarization “holes”
along the minor axis. These depolarized regions may
be places where the polarization orientation changes
rapidly within one beamwidth. Haro 6-13 also exhibits a
more pronounced asymmetry along its major axis than
DG Tau. On the other hand, the polarized intensities
along the major and minor axes of RY Tau and MWC
480 in Figure 2 and 3 peak near the Stokes I peak of
the sources, and these sources lack the low-polarization
holes seen in DG Tau and Haro 6-13.
DG Tau and Haro 6-13 have higher fractional po-
larizations than MWC 480 and RY Tau. In DG Tau
and Haro 6-13, the polarization fraction is highest near
the edges of the polarized region. The low polariza-
tion fraction near the centers of these disks may be a
beam dilution effect; a polarization pattern that varies
azimuthally within one beam will be averaged down to a
lower apparent polarization fraction. We note that if po-
larized emission were present near the edges of the disk
MWC 480 and RY Tau at polarization fractions simi-
lar to those in Haro 6-13 and DG Tau, it would have
been detected in these observations. The distribution of
polarized emission along the major axis of Haro 6-13 is
also noticeably asymmetrical (see Figure 2(b)), while the
disk is symmetrical in Stokes I. This asymmetry rises to
about the 2σ level. If observations with higher signal-
to-noise ratios confirm that this feature is real, it will
warrant further investigation. The polarized regions of
RY Tau and MWC 480 are only about a beam across.
This limits the scope of the conclusions we can draw
about these sources, since we only have a small number
of independent measurements of the polarization angle
across the disk.
4. DISCUSSION
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Figure 1. Images of DG Tau, Haro 6-13, MWC 480, and RY Tau at 3 mm. The contours represent total intensity (Stokes I)
of -3 (dashed), 3, 10, 50, 100, 250, and 500σ levels, where σ is listed in Table 1. The colormap represents polarized intensity
with the scale on the right of each source. The length of the polarization vectors corresponds to the polarization fraction. The
vectors are plotted with ∼ 5 segments per beam.
The polarization morphology observed in Haro 6-13
and DG Tau at 3 mm resembles that observed in HL
Tau at the same wavelength. RY Tau and MWC 480,
however, exhibit polarization parallel to the disk minor
axis, similar to HL Tau at 870 µm. This comparison is
still true regarding the way polarized intensity changes
across the disks. These differences at the same wave-
length for the two groups of sources implies different
polarization mechanisms for very similar sources.
To explore if these differences could be attributed to
inclination or signal-to-noise, we compared the observed
polarization patterns to those predicted from a simple
model. The model creates a map of the polarized in-
tensity and polarization angle based on the disk’s incli-
nation and position angle, as well as the beam size and
position angle, for one of four mechanisms: Rayleigh
scattering, radiative alignment, mechanical alignment
through the Gold mechanism (as described in Gold
1952), and alignment to a toroidal magnetic field. In
the radiative model, the polarization angle is calculated
by rotating the radial direction in the disk plane by 90◦.
The polarization angle in the case of mechanical align-
ment through the Gold mechanism is the position an-
gle of the toroidal direction in the sky plane, and the
polarization angle in the case of magnetic alignment is
perpendicular to the toroidal direction. In the case of
self-scattering, the model sets the polarization angle par-
allel to the disk’s minor axis. The polarization fraction
5Total and Polarized Intensities Beam Sizes, and Inclination Angles for all Sources
Source Inc. (i) I flux (mJy) σI (µJy/beam) P peak (µJy/beam) σP (µJy/beam) Beam Size
DG Tau 32◦ 42.71± 0.64 16.0 127 15 0.′′23×0.′′22
Haro 6-13 40◦. 24.96± 0.08 19.2 129 16 0.′′27×0.′′22
MWC 480 36◦ 23.21± 0.41 17.7 96.2 15.8 0.′′43×0.′′30
RY Tau 65◦ 29.50± 0.09 29.7 243 19 0.′′33×0.′′26
V892 Tau 59◦ 44.22± 0.22 28.1 <128 43 0.′′26×0.′′20
DL Tau 45◦ 32.90± 0.36 23.5 <124 42 0.′′24×0.′′19
Table 1. Total and polarized intensities beam sizes, and inclination angles for all sources. 3σ upper limits on polarized intensity
are given for V892 Tau and DL Tau. Inclination angles for V892 Tau and DL Tau from Hamidouche (2010) and Long et al.
(2018), respectively.
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Figure 2. Polarized intensity and percent polarization vs. distance from Stokes I peak along the major axes of the disks. The
shaded areas represent ±1σ statistical uncertainties. Positive distances correspond to north and west of the Stokes I peak for
DG Tau, Haro 6-13, and MWC 480, and south and west of the Stokes I peak or RY Tau.
produced by the three alignment mechanisms (radiative,
magnetic, and mechanical) depends on the cosine of the
angle between the dust grain alignment axis and the line
of sight direction. The polarization fraction produced by
self-scattering depends on the disk inclination angle i as
sin2(i). The polarization fractions are then multiplied
by a simple model for the disk brightness to give the
polarized intensity. Because the models are inherently
axisymmetric, they cannot explain any of the asymme-
try observed in polarized intensity.
Figures 4 and 5 show the models that best fit the ob-
served polarization for each source, alongside the maps
60.4 0.2 0.0 0.2 0.4
Arcseconds from Stokes I peak
0
20
40
60
80
100
120
140
Po
la
riz
ed
 in
te
ns
ity
 (
Jy
/b
ea
m
)
DG Tau Minor Axis
3  in pol intensity
2  in pol intensity
0.1% polarized
0
2
4
6
8
10
12
Pe
rc
en
t p
ol
ar
ize
d
(a)
0.4 0.3 0.2 0.1 0.0 0.1 0.2 0.3 0.4
Arcseconds from Stokes I peak
0
20
40
60
80
100
120
Po
la
riz
ed
 in
te
ns
ity
 (
Jy
/b
ea
m
)
Haro 6-13 Minor Axis
3  in pol intensity
2  in pol intensity
0
2
4
6
8
10
12
Pe
rc
en
t p
ol
ar
ize
d
0.1% polarized
(b)
0.25 0.20 0.15 0.10 0.05 0.00 0.05 0.10 0.15
Arcseconds from Stokes I peak
0
20
40
60
80
100
Po
la
riz
ed
 in
te
ns
ity
 (
Jy
)
MWC 480 Minor Axis
3  in pol intensity
2  in pol intensity
0.2
0.4
0.6
0.8
1.0
Pe
rc
en
t p
ol
ar
ize
d
(c)
0.3 0.2 0.1 0.0 0.1 0.2 0.3 0.4
Arcseconds from Stokes I peak
0
50
100
150
200
250
Po
la
riz
ed
 in
te
ns
ity
 (
Jy
/b
ea
m
)
RY Tau Minor Axis
3  in pol intensity
2  in pol intensity
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
Pe
rc
en
t p
ol
ar
ize
d
(d)
Figure 3. Polarized intensity and percent polarization vs. distance from Stokes I peak along the projected minor axes of the
disks. The shaded areas represent ±1σ statistical uncertainties. Errors on polarization fraction are only shown in regions where
P > 0. Positive distances correspond to south and west of the Stokes I peak for DG Tau, Haro 6-13, and MWC 480, and north
and west of the Stokes I peak for RY Tau.
from Figure 1. Comparison with our simple model
shows that the polarization in DG Tau and Haro 6-13 is
broadly consistent with that expected from grain align-
ment to the radiation anisotropy; the polarization vec-
tors are azimuthally oriented, with two low-polarization
holes caused by beam averaging on either side of the disk
major axis. In contrast, models of the expected polariza-
tion from mechanical alignment through the Gold mech-
anism for these disks produced azimuthally oriented po-
larization vectors with low-polarization holes on either
side of the disks’ minor axes. However, the azimuthal
variations in polarized intensity expected from radiative
and aerodynamic alignment are not seen in DG Tau and
Haro 6-13 (see Yang et al. (2019), Figure 12.). The po-
larization in RY Tau and MWC 480 is broadly consistent
with that expected from scattering; the polarization vec-
tors are aligned with the minor axis of the disk, and the
polarized intensity peaks at the center of the disk. In
contrast, the model for radiative alignment predicts that
polarized emission would peak at two points along the
major axis in RY Tau and MWC 480. Additionally, we
note that while Haro 6-13 and MWC 480 have nearly
the same inclination angle (40◦ and 36◦, respectively)
they have different polarization morphologies, which in-
dicates that the differences in these two disks cannot be
attributed solely to differences in inclination angle.
The variation in polarization with wavelength in HL
Tau has been explained by scattering dominating at 870
µm and radiation alignment dominating at 3 mm, with a
combination of the two mechanisms present at 1.3 mm
(Stephens et al. 2017). With our observations of DG
Tau, Haro 6-13, MWC 480, and RY Tau, we provide the
first evidence of different polarization morphologies in
otherwise similar disks at 3 mm, implying that different
polarization mechanisms may dominate in these disks at
the same wavelength.
4.1. Potential Evolutionary effects
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Figure 4. Models of expected polarization morphology in DG Tau and Haro 6-13 from radiative alignment , alongside the maps
from Figure 1. In models, gray contours represent Stokes I, blue shading represents polarized intensity, and black pseudo-vectors
represent polarization angle. The color scale is relative and not meant to quantitatively predict polarized intensity values.
The differences in polarization mechanisms in these
disks may indicate that the disks are at different stages
of evolution. Polarization from scattering is present at a
longer wavelength in MWC 480 and RY Tau than in HL
Tau. This could indicate that MWC 480 and RY Tau
have (compared to HL Tau) larger dust grains, which
could imply a more evolved disk with time to allow dust
to grow to larger sizes. To determine whether evolution-
ary effects are responsible for the variation seen in these
disks, we will need observations at other wavelengths
to determine more quantitatively where the transitions
between polarization patterns take place.
The dust opacity spectral index (β) has been used to
estimate grain sizes in circumstellar disks with assumed
dust properties. Kwon et al. (2015) obtained β values
of 0.6745 ± 0.0069 (viscous accretion disk model) to
0.615 ± 0.006 (power-law disk model) for HL Tau and
β values consistent with zero or a small positive num-
ber for Haro 6-13. Even with the uncertainty of 0.25
on these values, HL Tau’s β value is higher than Haro
6-13’s, which is consistent with Haro 6-13 being a more
evolved disk. The similar polarization morphologies, on
the other hand, imply that the two disks have similar
grain sizes. However, there is an order of magnitude dis-
crepancy between the grain size estimates from Rayleigh
scattering and those from β in HL Tau; scattering gives
an estimated maximum grain size of up to ∼150 µm,
while β gives a maximum grain size of ∼1 mm (Kataoka
et al. 2016). The cause of this discrepancy is currently
unknown.
4.2. Problems with the radiative alignment model
Although HL Tau’s 3 mm polarization morphology
has been used as an example of radiation alignment, it
8(a)
4h58m46.20s46.25s46.30s46.35s46.40s
RA (J2000)
+29°50'35.0"
35.5"
36.0"
36.5"
37.0"
37.5"
38.0"
De
c 
(J2
00
0)
1 % polarization fraction
MWC 480
50 AU
20
40
60
80
100
Po
la
riz
ed
 In
te
ns
ity
 (
Jy
/b
ea
m
)
(b)
(c)
4h21m57.35s57.40s57.45s57.50s
RA (J2000)
+28°26'34.0"
34.5"
35.0"
35.5"
36.0"
De
c 
(J2
00
0)
1 % polarization fraction
RY Tau
50 AU
25
50
75
100
125
150
175
Po
la
riz
ed
 In
te
ns
ity
 (
Jy
/b
ea
m
)
(d)
Figure 5. Models of expected polarization morphology in MWC 480 and RY Tau from scattering, alongside the maps from
Figure 1. In models, gray contours represent Stokes I, blue shading represents polarized intensity, and black pseudo-vectors
represent polarization angle. The color scale is relative and not meant to quantitatively predict polarized intensity values.
is not well fit by this mechanism (Yang et al. 2019).
The polarization pattern of HL Tau is very similar to
DG Tau and HH 6-13 in Figure 1, which is an ellipti-
cal polarization pattern. However, radiatively aligned
grains produce an intrinsically circular polarization pat-
tern even for inclined disks such as HL Tau. To recre-
ate the elliptical pattern, Yang et al. (2019) used the
aerodynamic alignment mechanism (e.g., Gold 1952),
which can produce an elliptical pattern if the dust grains
are aligned aerodynamically by the difference in rota-
tion speed between the dust and gas. Unfortunately,
aerodynamic alignment, just like radiation alignment,
creates large azimuthal variation in polarized intensity
(Yang et al. 2019) that is not seen in HL Tau nor DG
Tau and HH 6-13. In other words, we do not currently
have a robust mechanism for polarization in these cases.
Multi-wavelength observations coupled with more com-
plete models that include 3D descriptions of the radia-
tion and disk will be necessary to constrain the mecha-
nism or mechanisms responsible for polarized emission
in these disks.
5. CONCLUSIONS
These observations represent the largest survey of pro-
toplanetary disks in polarization at 3 mm. We find that
the polarization morphologies can be qualitatively di-
vided into two categories: those with polarization angles
oriented azimuthally in the outer part of the polarized
region (DG Tau and Haro 6-13), and those with polar-
ized intensity that peaks at the center of the disk with
the angle of polarization parallel to the disk minor axis
(RY Tau and MWC 480). We argue that preliminary
modeling indicates that these differences do not arise
solely from inclination nor from signal-to-noise effects.
9The differences in polarization morphology may indicate
that different polarization mechanisms dominate in dif-
ferent disks at the same observing wavelength. Multi-
wavelength observations and more complete modeling,
taking into account optical depth effects, disk thickness,
and combinations of mechanisms, will be needed to gain
a fuller understanding of the processes creating polar-
ized emission in these disks.
Facilities: ALMA
Software: CASA(McMullinetal. 2007), astropy(The
Astropy Collaboration 2013, 2018), APLpy (Robitaille &
Bressert 2012)
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